Abstract Cacao (Theobroma cacao L.) is an important economic crop in the Bolivian Amazon. Bolivian farmers both cultivate cacao, and extract fruits from wild stands in the Beni River region and in valleys of the Andes foothills. The germplasm group traditionally used is presently referred to as ''Cacao Nacional Boliviano'' (CNB). Using DNA fingerprinting technology based on microsatellite markers, we genotyped 164 Bolivian cacao accessions, including both cultivated and wild CNB accessions sampled from the Amazonian regions of La Paz and Beni, and compared their SSR profiles with 78 reference Forastero accessions from Amazonian cacao populations, including germplasm from the Ucayali region of Peru. Results of multivariate ordination and analysis of molecular variance show that CNB cacao has a unique genetic profile that is significantly different from the known cacao germplasm groups in South America. The results also show that cultivated CNB and wild CNB populations in the Beni River share a similar genetic profile, suggesting that the cultivated CNB is of indigenous origin in Bolivia. The level of genetic diversity, measured by allele richness and gene diversity in the Bolivian cacao, is moderately high, but was significantly lower than gene diversity in the other Amazonian cacao populations. Significant spatial genetic structure was detected in the wild CNB population, using analysis of autocorrelation (rc = 0.232; P \ 0.001) and Mantel tests (Rxy = 0.276; P \ 0.001). This finding is also highly valuable to support in situ conservation and sustainable use of CNB genetic diversity in Bolivia.
Introduction
Cacao (Theobroma cacao L.) is indigenous to Bolivia and widely distributed in the Bolivian Amazon, including the departments of La Paz, Beni, Pando, Santa Cruz and Cochabamba. Among these regions, Alto (Upper) Beni is the major production site with an annual output of approximately 1,000 tons, representing approximately 80% of Bolivia's cocoa production and 13% of the household income in this region (July Martínez 2007; Somarriba and Trujillo 2005) .
Historical records show that the practice of cacao management in Bolivia was introduced by Franciscan and Jesuit missionaries in the eighteenth century (Cortés 1997, Villegas and Astorga 2005) . The germplasm group cultivated by Bolivian natives, called ''Criollo'' by the farmers, is now known as ''Cacao Nacional Boliviano'' (CNB). It is characterized by its small pod with the shape of an Amazonian amelonado. The pods usually have a dark green color when young, and are elongate with a short apex, slightly rough with 10 superficial ridges and a thin husk. The seeds are small and the cotyledon color is purple, but there is no pigmentation in the filament and the stamen of the flower (Villegas and Astorga 2005; Bartley 2005; Soria 1966) . Although the cultivated CNB in Bolivia is called ''Cacao Criollo'' by the native people, the morphological characteristics of the crop (small and round shaped pods and small beans with purple color) are obviously different from the genetic group of Central America Criollo (Bartley 2005; Sánchez 1983 ). The CNB is susceptible to witches' broom disease (Moniliophthora perniciosa (Stahel) Aime and Phillips-Mora 2006). Nevertheless, the CNB trees produce fruits earlier than the introduced clones, thus can escape infection by black pod disease (Phytophthora palmivora (E. J. Butler) E. J. Butler 1919), which requires cold and wet periods for the inocula to develop (Sánchez 1983; Villegas and Astorga 2005) .
Based on the extent of domestication, the Bolivian cacao germplasm was traditionally classified into two main groups (Davies 1986) . The first group is wild cacao, which refers to trees that have not been cultivated by man, but reproduce through animal mediated dispersal. The wild cacao is widely distributed along the river banks of Beni and Ichilo. Although they were not cultivated, it is a common practice that the local people harvest pods from these trees (Villegas and Astorga 2005) . This material is referred to in this research as ''CNB wild'' The second group is the so called 'Cacao Criollo', which refers to CNB that has been cultivated for more than 200 years by the Mosetenes Indians (Soria 1965; July Martínez (2002 . However, the distinction between ''CNB wild'' and ''CNB cultivated'' is often not clear. In some regions, 'Criollo' and 'wild' have been used interchangeably (Villegas and Astorga 2005; July Martínez 2007) . It has also been suggested that ''Cacao Criollo'' might have originated from ''CNB Wild' (Soria 1965) , because the cacao trees cultivated in Alto Beni were phenotypically similar to the ''CNB wild'' that is native to Lower Beni, as well as to some wild cacao in the Brazilian Amazon (Soria 1965 (Soria , 1966 . Villegas and Astorga (2005) characterized the phenotypic variation among 73 CNB cultivated accessions from Alto Beni. They found that this germplasm differed from the five known Forastero and Trinitarios clones used as references in their analysis, and suggested that Alto Beni is perhaps the southwest extreme in terms of the spatial distribution of the Forastero natural populations.
The CNB is well adapted to the local climate conditions and has survived well in unmanaged subspontaneous status despite local diseases (Milz 1990 ). In the 1960s, cacao cultivation was promoted by the government of Bolivia as the main source of income for farmers in the Bolivian Amazon (Zeballos and Terrazas 1970) . The new settlers in the Amazonia regions were provided with hybrid seeds originally brought from Ecuador, and then locally propagated through controlled pollination of international clones introduced from Trinidad and CATIE (Tropical Agricultural Research and Higher Education in Sapecho and Alto Beni). Therefore, the cultivated CNB in farmer fields may have been mixed with the introduced exotic germplasm. In the past 10 years, the 'Central Cooperative Ceibo' has collected more than 60 elite genotypes from some 500 trees, through farmer participatory selections (July Martínez 2007) , and preserved these superior genotypes in the cacao germplasm collections. However, little is known about the genetic diversity and population structure of these selections. Knowledge is also lacking regarding relationships between Bolivian cacao and the other known Forastero groups, and whether the germplasm used by the local farmers is indigenous to Bolivia.
In the present study, we report our investigation on molecular characterization of the CNB germplasm groups with different degrees of domestication, including CNB wild, Cacao Criollo (CNB cultivated) that has been maintained in the Bolivian cacao genebank, and elite farmer selections. Specifically, we intend to answer questions including (1) are the cultivated Bolivian cacao introduced or of indigenous origin? What is the genetic relationship between the Bolivia cacao and the other wild cacao populations in the Amazon? (2) Is there a spatial genetic structure in the wild population of Beni river and what does the diversity distribution imply about their historical dispersal?
The outcome of the proposed research will enable us to describe the genetic architecture of the wild cacao in Bolivia and to understand the processes of cacao dispersal that have given rise to this structure. This knowledge is essential for the sustainable management, production and conservation of cacao germplasm in Bolivia and its neighboring countries.
Materials and methods

Cacao samples
The cacao accessions analyzed in this study were comprised of three types of germplasm, from genebank collections, farmer cultivars, and wild populations. Three collecting expeditions were taken from The specific sampling sites are presented in Fig. 1 . In total, we sampled 164 genotypes of CNB cacao, of which 57 were from wild populations in the Beni River region, and 107 were cultivated CNB genotypes from the genebank of the cooperative in the town of Ceibo, Sapecho, Alto Beni, and farmer selections from the northern department of La Paz. The full list of the accessions is presented in Table 1 . DNA extraction, PCR amplification, and capillary electrophoresis DNA extraction was as previously described (Johnson et al. 2007 ). Amplification of microsatellite loci were achieved using 15 primers with sequences previously described (Lanaud et al. 1999; Risterucci et al. 2000; Saunders et al. 2004 ). These 15 loci have been agreed upon, by multiple international and government-sponsored laboratories in the cacao research community, as standardized SSR primers to characterize all T. cacao germplasm collections (Saunders et al. 2004 ). These standard loci have been used for cacao genotyping in several germplasm collections (Zhang et al. 2006a ). Primers were synthesized by Proligo (Boulder, CO) and forward primers were 5 0 -labeled using WellRED fluorescent dyes (Beckman Coulter, Inc., Fullerton, CA). PCR was performed as described in Saunders et al. (2004) , using commercial hot-start PCR SuperMix that had been fortified with an additional 30 U/ml of hot-start Taq DNA polymerase (Invitrogen Platinum Taq, Carlsbad, CA; or Eppendorf HotMaster Taq, Brinkman, Westbury, NY). The amplified microsatellite loci were separated by capillary electrophoresis as previously described (Saunders et al. 2004; Zhang et al. 2006a ). Data analysis was performed using the CEQ TM 8000 Fragment Analysis software version 7.0.55 according to manufacturers' recommendations (Beckman Coulter, Inc.). SSR fragment sizes were automatically calculated to two decimal places by the CEQ TM 8000 Genetic Analysis System. Allele calling was performed using the CEQ TM 8000 binning wizard software (CEQ TM 8000 software version 7.0.55, Beckman Coulter, Inc.) and edited, based on the bin list, using a SAS program (SAS 1999).
Data analysis
Summary statistics for each marker locus, including allele richness, observed heterozygosity (H O ), expected heterozygosity (H E ) and inbreeding coefficient (F IS ) were separately computed for CNB cultivated and CNB wild CNB, as well as for the combined data of all the studied Bolivian germplasm using FSTAT (Goudet 1995) . To assess the level of genetic diversity in the wild CNB population relative to other known Forastero germplasm, we compared the CNB with a previously reported population from the Ucayali River in the Peruvian Amazon (Zhang et al. 2006b ). The multilocus SSR data of 43 accessions from the Ucayali population were compared with the wild Beni population. Allele richness, expected and observed heterozygosity, and inbreeding coefficient were computed using the program FSTAT (Goudet 1995) . In addition, analysis of molecular variance (AMOVA), implemented in the program GenAlEx 6 (Peakall and Smouse 2006) , was used to compute the within and between population variation.
To understand the relationships among the individual CNB genotypes and the reference Forastero clones, we also computed the genetic distances among the CNB individuals together with 35 reference international clones from various known cacao genetic groups. Principal Coordinates Analysis (PCoA), implemented in GenAlEx 6 (Peakall and Smouse 2006) , was used for computation. Pair-wise Euclidian distances were computed for every pair of the accessions and the distance matrix is presented in a three-axes plot.
To quantify the extent of population differentiation between the wild CNB and the nearby Ucayali population from Peru, F-statistics were estimated by measuring population variation in allelic distributions between the two populations. Allelic composition was assessed using a contingency table test (Weir and Cockerham 1984) , implemented in GENEPOP version 3 (Raymond and Rousset 1995) , with a null hypothesis of identical allelic distributions in both CNB wild and Ucayali populations. Permutation of the individual genotypes between populations was carried out with the probability of non-differentiation being estimated over 10,000 randomizations.
Nonrandom geographical distribution of genotypes in a population is known as spatial genetic structure (subsequently abbreviated SGS). To assess SGS in the wild Beni population, we used a pairwise comparison of genetic similarity of individuals with respect to spatial distance separating those individuals within populations, as implemented in GenAlEx 6 (Peakall and Smouse 2006) . The significance of the NS Not significant * P \ 0.05, ** P \ 0.01, *** P \ 0.001 respectively autocorrelation coefficient (r) was tested by constructing a classic 2-tailed 95% confidence interval around the null hypothesis of no SGS (i.e., r = 0) and by performing 999 random permutations of genotypes among geographic locations (Peakall and Smouse 2006) . In addition, the Mantel test was performed between the matrix of genetic distances and the linear pairwise geographical distances using the Mantel procedure in the same program.
Results
Genetic diversity in the cultivated and wild Bolivian cacao germplasm
The summary statistics of the 15 microsatellite loci used in the study are listed in Table 2 . A total of 110 different alleles were detected across the 164 Bolivian cacao samples, with each cacao tree characterized by a unique multilocus genotype. The mean expected heterozygosity (H E ) over all loci was 0.56 in the studied CNB germplasm and the observed heterozygosity (H O ) is 0.38. The average inbreeding coefficient (F IS ) is 0.32 over the 15 loci, which is significantly greater from zero by a permutation test (Goudet 1995) . Tests for departure from HardyWeinberg Equilibrium (HWE) revealed that all 15 loci have highly significant diversion from HWE (Table 2) . Table 3 presents the comparative diversity measurements among the cultivated and the wild CNB germplasm as well as in the reference population from Ucayali, Peru. The cultivated and wild CNB have similar levels of genetic diversity as measured by allele richness (5.68 vs. 5.84) and gene diversity (0.550 vs. 0.570). These measures are significantly lower than those in the Ucayali population (allele richness = 8.93; Gene diversity = 0.740).
The relationship among the CNB germplasm accessions and the reference international clones is presented by the plot of Principal Coordinates Analysis (Fig. 2) . The plane of the first three main PCoA axes, which accounted for 74.4% of total variation, showed that the cultivated CNB genotypes overlapped with the wild CNB population, suggesting their common origin and genetic background. Most of the CNB germplasm is well separated from the reference international clones representing different Weir and Cockerham (1984) b Definition of F ST follows Schneider et al. (2000) . Number of permutations = 10,000
c Tests of differentiation are performed not assuming H-W equilibrium with each sample. The pairwise significance was presented after standard Bonferroni corrections groups of Lower and Upper Amazon Forasteros. Six cultivated CNB genotypes fell within or close to the Upper Amazon Forastero, which is likely due to the introduction of germplasm originated from Peru and Ecuador. The overall pattern of distribution suggests that there was a large genetic differentiation between the CNB germplasm and the rest of the Amazonian Forastero groups. Table 4 summarizes the F-statistics used to test genetic differentiation between the CNB and the Ucayali populations. The significant population differentiation (Fst = 0.202; P \ 0.001) between the two Forastero populations was further supported by the result of a hierarchical AMOVA (Table 5) , where both the within-group and the between-group variations were found to be highly significant, with 19.0% of the total molecular variance contributed by the differentiation between populations, whereas 81.0% was partitioned into within-populations.
Spatial genetic structure (SGS) in the wild population
The result of combined spatial genetic autocorrelation analysis across the 15 loci is shown in Fig. 3 for distance class sizes of 5, 10 and 20 km. The correlograms show the genetic correlation as a function of distance between genotypes. In all three distance sizes, the values of the correlation coefficients (rc) are positive and significant. There was a little change of rc value as distance class size changes (Fig. 3) . The results of Mantel tests further support the result of global spatial autocorrelation, showing a significant positive relationship between geographic and genetic distance (Rxy = 0.276; P \ 0.001). Therefore, both types of analyses support the conclusion that the distribution of wild cacao genotypes is not random at the sampled geographical scale of the present study. Proximate genotypes tend to be more genetically similar than those distant ones, which fits the isolation by distance pattern of spatial structure in the natural population of many tropical tree species.
Discussion
Cacao has been long known to exist along the Alto Beni river, especially in the valleys of the transitional region of the foothills of the Andes known as the 'Yungas' (Soria 1965 (Soria , 1966 Bartley 2005; July Martínez 2002) . However, the understanding of the cacao gene pool in the Americas has long been impeded by lack of knowledge regarding the genetic identity and population structure of this germplasm, now referred to as ''Cacao Nacional Boliviano'' (CNB). It is believed that missionaries introduced the management practices for farming the CNB germplasm sometime between 1,739 and 1,809 (Cortés 1997) , then assisted the native Mosetene Indians in the cultivation during the next 150-200 years. Cacao farming remained largely unchanged until the beginning of colonization when foreign hybrid seeds were introduced from Ecuador, Peru, Trinidad and Tobago (University of West Indies), and CATIE, Costa Rica. However, it is not known if the CNB germplasm is native to the region or was introduced after the start of commercial cacao cultivation in the Americas. Neither do we know the scope of genetic diversity in the Bolivian cacao germplasm. Based on the morphological characteristics, Soria (1965) suggested that the Bolivian cacao cultivated in Alto Beni might be of indigenous origin as the fruits of the local variety were similar to the Amazonian Amelonado type, with very small fruits of a dark green color when young, that yellowed when ripened. Using 30 qualitative characteristics of cacao flowers, pods, seeds and leaves, Villegas and Astorga (2005) characterized 73 genotypes of Cacao Nacional Boliviano (CNB) sampled from nine farms in four localities of Alto Beni, Bolivia. They reported that cultivated CNB from Alto Beni shared principal characteristics with the Forastero group from Rio Beni in the Amazon watershed, and suggested that Alto Beni may be the most extreme Southwest point of the natural distribution of the Forastero group. They also reported that these 73 CNB could be classified into two subgroups, suggesting that that the farmer cultivars were derived from a limited number of wild trees which may have resulted in reduced diversity.
In the present study, we fingerprinted 164 Bolivian cacao accessions, including both cultivated and wild CNB germplasm, using 15 microsatellite markers. The PCoA plot shows that the cultivated and wild CNB germplasm overlapped, demonstrating their common genetic background. The result supports the observations of Soria (1965) and Villegas and Astorga (2005) that the cultivated and wild CNB belong to the same genetic group. Our result demonstrates that the cultivated CNB was domesticated from the wild populations of Beni River.
The allele richness (5.68-5.84 per locus) and gene diversity (0.55-0.57) in the CNB germplasm are roughly 60 and 75% of those found in the Ucayali River germplasm (Table 3 ). This lower level of genetic diversity, plus the significant inbreeding (F IS = 0.32; P \ 0.01), suggested southward genetic drift from the center of diversity, which substantiates the hypothesis that CNB is a group of Forastero on the southwest extreme of the cacao gene pool distribution in the Americas (Soria 1965; Villegas and Astorga 2005, Bartley 2005 ). However, the result also shows that the level of allele richness and gene diversity in the cultivated CNB from Alto Beni are comparable to the wild CNB population from Beni River (Table 3) , indicating there is no significant reduction of genetic diversity after domestication. The cultivated CNB might have been derived from a relatively large number of wild trees. In fact, it is still a common practice for the local farmers to harvest cacao from the semi-spontaneous cacao trees along the Beni river, which indicates a tradition of multi-site domestication.
The cultivated cacao has been traditionally subdivided into three main groups, including Criollo, Forastero and Trinitario (Cheesman 1944; Wood and Lass, 1985) . Among the three main groups, Criollo cacao was domesticated more than 3,000 years ago in Mesoamerica (Henderson et al. 2007 ). It was believed that Criollo was the only cacao variety cultivated in Mesoamerica before the arrival of the Europeans (Bartley 2005; Motomayor et al. 2003) . The Forastero cacao encompasses a diverse range of populations from South America (Bartley 2005) . Forastero cacao was not used in production until the mid of eighteenth century. They were brought to the traditional cocoa producing regions (including Central America and the Caribbean) when the cacao plantations were devastated by the unknown diseases. Trinitario is believed to be the natural hybrid of Criollo and Forastero which started in Trinidad after an introduction of Forastero materials in the mid of eighteenth century (Cheesman 1944; Bartley 2005) . Motamayor et al. (2008) analyzed the population structure among the cacao accessions maintained in various ex situ collections in South America. They reported that the existing cacao germplasm could be classified into ten distinctive populations based on the results of Bayesian cluster analysis. In a more recent presentation in the International Cocoa Producer's Conference held in Indonesia, Motamayor et al. added Beni as one of the three new clusters (the other two were Huallaga and Ucayali clusters), based the SSR data of twenty Bolivian accessions. The result of the present study further illuminated the unique genetic profile of the CNB germplasm. As shown by the PCoA plot, the CNB germplasm, both cultivated and wild, was completely separated from all the 35 reference clones representing the known Forastero genotypes. Although the pods of CNB appeared similar to the Lower Amazon Amelonado (Bartley 2005; July Martínez 2007) , the PCoA plot showed that these two are very different genetic groups. The result of inter-population differentiation (Fst) and AMOVA further demonstrated that the CNB germplasm is genetically different from the other reported germplasm groups in South America. These results support the conclusion that the CNB germplasm is a new group of Forastero cacao that has not been genetically described so far. The diversity level and distribution we describe is likely a combined result of natural forces and human intervention. However, since the wild CNB genotypes used in this study were sampled from one segment along the Beni River, the diversity we reported here probably only represents a fraction of the overall diversity in wild CNB in Bolivia.
Another noteworthy observation is the significant spatial genetic structure (SGS) in the wild CNB population. Although collection of wild cacao for use in breeding started 70 years ago, little information is available regarding the spatial genetic structure of natural cacao populations. Although it is hypothesized that gene flow in cacao is limited and mating is likely confined within patches due to the shortdistance seed and pollen dispersal (Chapman and Soria 1983; Dias 2001) , gene flow in wild populations has not been investigated. Isolation by distance was reported in the cacao population from the Ucayali river in Peru, but spatial autocorrelation was detected only in a long geographical range (700 km), and not in a local basin or over short distances (Zhang et al. 2006b ). The present study provides the first examples showing that SGS actually exists in a cacao population, which stretches over approximately 100 km (Fig. 3) along the Beni River. The autocorrelation analyses we used explore the genetic correlation at multiple distance classes, and significant autocorrelation was detected at each of the classes. Moreover, the highly significant result of Mantel's test also supports our finding of a strong SGS signal across the entire data set. The results are consistent with the short-distance gene flow presumed to exist in natural cacao populations. Our study appears to be the first microsatellite-based study to report consistent positive spatial genetic structure in a wild cacao population. The result is useful for future studies on the relationship between gene flow and local spatial genetic structure, which is essential to understand cacao dispersal in response to landscape change and habitat fragmentation in the Amazon.
The information generated in this study is useful to clarify CNB germplasm, to exploit the genetic resources of local cacao, and to guide the selection of new planting materials to be used in cacao plantations in Bolivia. In the context of international ex situ conservation, the Bolivian cacao is invaluable to help fill the diversity gap among the several International cacao collections, and it provides potential new genetic variations that may be useful for cacao improvement programs. It is certainly worthwhile to undertake further exploration of this region to collect and further characterize this new population of cacao.
